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ABSTRACT
We report results on deep Jansky Very Large Array A-configuration observations
at 22 GHz of the hotspots of the radio galaxies 3C227 and 3C445. Synchrotron emis-
sion in the optical on scales up to a few kpc was reported for the four hotspots. Our
VLA observations point out the presence of unresolved regions with upper limit to
their linear size of about 100 pc. This is the first time that such compact compo-
nents in hotspots have been detected in a mini-sample, indicating that they are not a
peculiar characteristic of a few individual hotspots. The polarization may reach val-
ues up to 70 per cent in compact compact (about 0.1 kpc scale) regions within the
hotspot, indicating a highly ordered magnetic field with size up to a hundred parsecs.
On larger scales, the average polarization of the hotspot component is about 30−45
per cent, suggesting the presence of a significant random field component, rather than
an ordered magnetic field. This is further supported by the displacement between the
peaks in polarized intensity and in total intensity images that is observed in all the
four hotspots. The electric vector position angle is not constant, but changes arbitrar-
ily in the central part of the hotspot regions, whereas it is usually perpendicular to the
total intensity contours of the outermost edge of the hotspot structure, likely mark-
ing the large-scale shock front. The misalignment between X-ray and radio-to-optical
emission suggests that the former is tracing the current particle acceleration, whereas
the latter marks older shock fronts.
Key words: radio continuum: galaxies - radiation mechanisms: non-thermal - accel-
eration of particles - polarization
1 INTRODUCTION
Hotspots are bright and compact regions that are usually ob-
served at the edge of powerful Fanaroff-Riley type II radio
galaxies (Fanaroff & Riley 1974). In the standard scenario,
hotspots represent the working surface of the supersonic jets
produced by an active galactic nucleus (AGN). In this region
both a bow-shock and a reverse shock are present, being the
latter responsible for the acceleration of the particles that
radiate in the hotspot. Although hotspots mainly radiate at
radio wavelengths, there is a growing evidence that many
of them can emit in infrared/optical band and up to X-
rays (e.g. Meisenheimer et al. 1997; Hardcastle et al. 2004;
⋆ E-mail: orienti@ira.inaf.it
Kataoka & Stawarz 2005; Mack et al. 2009; Werner et al.
2012; Isobe et al. 2017). However, there seems to be a di-
chotomy in the radiation mechanism responsible for X-ray
emission between high-power (L1.4GHz > 10
25 W Hz−1)
and low-power hotspot (Hardcastle et al. 2004). X-ray emis-
sion in high-power hotspots is well explained as synchrotron
self-Compton (SSC, Harris et al. 1994; Werner et al. 2012),
whereas in low-power hotspots an additional contribution
from synchrotron radiation from a highly energetic electron
population is expected to be present (e.g. Hardcastle et al.
2016).
Given the anticorrelation between the synchrotron ra-
diative lifetime, τ , and the Lorentz factor of the relativis-
tic electrons γ > 107−8, the detection of synchrotron X-ray
emission from a hotspot implies that particle acceleration is
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currently taking place owing to the short radiative lifetime of
the electrons involved (τ ∝ 1/γ). Using Very Long Baseline
Array (VLBA) observations, Tingay et al. (2008) suggested
that X-ray emission in the western hotspot of Pictor A may
be produced by synchrotron emission from compact pc-scale
transient regions of enhanced magnetic field. The discovery
of flux variability up to 10 per cent level in the hotspot of
Pictor A strongly supports this scenario (Hardcastle et al.
2016). The timescale of the temporal variability corresponds
to spatial scales much smaller than the physical size of the
hotspot, suggesting that a significant contribution to the X-
ray emission comes from one or more very compact regions.
The detection by the Very Large Telescope (VLT)
of kpc-scale diffuse near-infrared (NIR) and optical syn-
chrotron emission from hotspots provides complimentary
information on the complexity of particle acceleration and
transport in radio hotspots (Mack et al. 2009). In these cases
a combination of multiple and intermittent compact accel-
eration sites and stochastic (e.g. Fermi-II type) acceleration
mechanisms have been proposed to circumvent the tension
between the short lifetime of the optical synchrotron emit-
ting electrons and the extension of the emitting region (e.g.
Prieto et al. 2002; Orienti et al. 2012). This idea has been
recently supported by full-polarization Atacama Large Mil-
limeter Array (ALMA) observations of the hotspot 3C445
South where bright and highly polarized components are
enshrouded by diffuse unpolarized emission (Orienti et al.
2017).
In this paper we present the results on new A-configuration
Very Large Array (VLA) observations at 22 GHz in full
polarization of the hotspots of the radio galaxies 3C 227
and 3C445 with the aim of understanding how strong
shocks are distributed in the hotspot regions. These hotspots
are part of the low-power (P1.4 GHz < 10
25 W Hz−1)
hotspot sample selected by Brunetti et al. (2003), and tar-
get of VLT K-band observations. NIR emission is detected
in each hotspot (Mack et al. 2009) and is extended on
kpc-scale (Orienti et al. 2012; Migliori et al. 2020). All the
hotspots have X-ray emission (e.g. Hardcastle et al. 2007;
Perlman et al. 2010; Orienti et al. 2012), with the exception
of 3C 445 North which has only a tentative Chandra detec-
tion (Mingo et al. 2017).
The high resolution of our VLA observations allows us to
pick up particle acceleration sites down to scales of few tens
parsecs. The availability of polarization information enables
the study of the magnetic field structure on scales that have
never been investigated in hotspots with such details.
This paper is organized as follows: in Sections 2 and 3 we
present the observations and data analysis; results are re-
ported in Section 4 and discussed in Section 5. A brief sum-
mary is presented in Section 6.
Throughout this paper, we assume the following cos-
mology: H0 = 71 km/sMpc
−1, ΩM = 0.27 and ΩΛ = 0.73,
in a flat Universe. The spectral index α is defined as
S(ν) ∝ ν−α. In all the images North is up and West
is right. 3C 227 and 3C445 are at redshift z=0.086 and
z=0.055, respectively. At the redshift of the sources, 1
arcsec corresponds to 1.62 kpc and 1.07 kpc for 3C 227 and
3C 445, respectively.
2 RADIO OBSERVATIONS
Full-polarization VLA observations in A-configuration
for 3C 227 and 3C445 were carried out on 2018 March
5 and May 18, respectively (project code 18A-087). The
observations have a total band width of 8 GHz divided into
4×2-GHz basebands centred on 19, 21, 23, and 25 GHz.
The target on-source observing time is about 30 min, for a
total observing time of 7 h. The absolute amplitude scale
and the absolute polarization angle were calibrated using
the flux density scale from Perley & Butler (2013a) and
the polarization information from Perley & Butler (2013b)
for the calibrator 3C 286. Bandpass was calibrated using
the calibrator J0927+3902 (4C 39.25) and J2253+1608
(3C454.3) for 3C 227 and 3C 445, respectively. In addition,
the instrumental polarization (D-terms) was calibrated
using the unpolarized sources J0713+4349 and J2355+4950
for 3C 227 and 3C 445, respectively.
Calibration and data reduction were done using Com-
mon Astronomical Software Applications (CASA) version
4.7.0. The uncertainty on the flux density due to amplitude
calibration errors σcal was estimated by checking the scatter
of the amplitude gain factors, and turned out to be less
than 3 per cent. This value is in agreement with the errors
that are usually given by Perley & Butler (2013a) from the
long term monitoring program.
Final images have a resolution of about 0.08×0.07
arcsec2 and 0.11×0.07 arcsec2 for 3C 227 and 3C 445,
respectively, and an rms of 6 µJy beam−1 in Stokes I, Q
and U. Images in Stokes Q and U have been used to produce
the polarization intensity, polarization angle, fractional
polarization and the associated error images. Blanking on
the fractional polarization image was done by clipping
the pixels of the input images with values below three
times the rms measured on the off-source image plane. The
uncertainty on the polarization angle is about 4 degrees.
For all the sources we also produced images (Stokes
IQU), using the natural weighting algorithm which are most
sensitive to extended emission. The flux density reported in
Table 1 refers to natural weighting images.
3 CHANDRA OBSERVATIONS
X-ray studies of the hotspots of 3C 227 and 3C 445 have
been presented in several papers (Hardcastle et al. 2007;
Perlman et al. 2010; Orienti et al. 2012; Mingo et al. 2017;
Migliori et al. 2020). Here, we retrieved and analyzed the
archival Chandra observations with the goal of comparing
the X-ray morphology with the structures observed in total
intensity and polarization at 22 GHz.
The X-ray data analysis was performed with the Chan-
dra Interactive Analysis of Observation (CIAO) 4.9 software
(Fruscione et al. 2006) using the calibration files CALDB
version 4.7.7. We ran the chandra repro reprocessing script,
that performs all the standard analysis steps.
We checked and, when necessary, filtered the data for
the time intervals of background flares. We adjusted the as-
trometry of the X-ray images by shifting the X-ray centroid
of the cores to the radio positions and verified the correct
alignment by comparison with the positions of background
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sources with infrared and optical catalogs (2MASS Point
Source Catalog and USNO B1.0, Skrutskie et al. 2006). In
this way, we estimated <0.15 arcsec pointing accuracy.
3C 227 was observed twice in January 2006 (ObsIDs
7265 and 6842) in very faint (VF) mode for ∼53 ksec in
total and the two observations were merged together and
rebinned to a pixel size of 0.123 arcsec.
We selected the ∼46 ksec observation of 3C 445 per-
formed by Chandra in faint (F) mode in 2007 (ObsID 7869)1.
Given the higher number of counts, the X-ray image of
3C 445 could be rebinned to one eighth of the native pixel
size (0.0615 arcsec) in order to have a resolution roughly
matching that of the VLA data.
The western hotspot of 3C 227 and the southern
hotspot of 3C 445 were placed near the aim point, on
the S3 chip of the ACIS-S array. Because of the angular
extension of the two radio galaxies, the hotspots of the
counter jets fall on a different chip and they are only weak
or marginally detected in X-rays (see also Hardcastle et al.
2007; Perlman et al. 2010; Mingo et al. 2017).
4 RESULTS
Significant radio emission at 22 GHz is observed in all
four hotspots targeted in the study. The total intensity
flux density and the polarized flux density are extracted
from the same region by selecting polygonal areas on the
image plane. The values are reported in Table 1. We also
derive the peak flux density and the upper limit on the
deconvolved angular size of the unresolved components by
performing a Gaussian fit to the source components on
the image plane using the task imfit in CASA. The error
on the total intensity and polarized flux density, σS, is
given by σS =
√
σ2cal + σ
2
rms, where σrms = rms ∗
√
N and
N is the number of independent beam areas through the
component region, while σcal is about three per cent (see
Section 2). The error on the position of peak of unresolved
components is ∆θ =
√
σ2
fit
+ σ2p, where σfit is the error
of the Gaussian fit, whereas σp = beamsize/SNR, where
SNR is the signal-to-noise ratio and corresponds to Sp/rms
where Sp is the peak flux density of the component and rms
corresponds to 1σ noise level. For unresolved components
with high SNR σp may be very small. In this case we
assume a conservative error on the component position of
1/10 of the beam size (e.g. Polatidis & Conway 2003).
Errors on the polarization parameters were computed
following Fanti et al. (2001). Errors on the fractional
polarization range from about 1 per cent in the brightest
regions up to 40 per cent in the ridges and in the extended
structures with low SNR.
In all the hotspot complexes we could detect hints of
extended emission that is present in images at lower fre-
quencies (Black et al. 1992; Leahy et al. 1997; Orienti et al.
1 In two other epochs of observations of 3C 445 in 2009 and 2011,
the pointing settings were not suitable for our study. On these
occasions the use of the gratings reduced the photon counts, and
the hotspots were >4 arcmin offset from the observation axis and
thus severely affected by distortions of the point spread function
(PSF).
2012), and that is mainly resolved out in our observations
(largest angular size 6 2.4 arcsec). Significant polarization
is observed in all the hotspot regions reaching values up to
70 per cent.
A description of each hotspot is presented in the following
sections.
4.1 3C 227 West
3C227 West is a double hotspot with the eastern and
western components separated by about 10 arcsec (e.g.
Black et al. 1992). The western component has a size of
about 3 arcsec (∼ 4.8 kpc), and is detected only in natural
weighting images (Fig. 1), while it is resolved out in full-
resolution images. The high angular resolution of our VLA
observations could resolve the structure of the eastern com-
ponent for the first time in two arc-shaped structures elon-
gated in the SE-NW direction, and separated by about 0.75
arcsec (1.2 kpc), with the northern component in agreement
with the edge of the X-ray emission (Fig. 2). The elongation
of these components is roughly transverse to the direction
of the jet, as it is deduced by low-resolution images (e.g.
Mack et al. 2009). VLT observations suggest a similar dou-
ble arc-shaped structure of the NIR emission, but the lower
angular resolution prevents us from a more detailed imaging
in the NIR/optical regime (Migliori et al. 2020). The south-
ern arc, S component in Fig. 1, is the brightest one and
accounts for ∼20 per cent of the flux density of the hotspot
region. The polarization and the total intensity emission
have a similar structure. In the hotspot components N and
S there are unresolved polarized regions with size between
75 and 100 mas, corresponding to about 120−160 pc, and a
flux density of about 35−150 µJy. There seems to be a dis-
placement between the position of the compact components
observed in total intensity and those observed in polarized
emission, which accounts for about 40±10 mas (65±7 pc) be-
tween the total intensity peak and the polarization peak of
the brightest unresolved sub-component of the southern arc
(Fig. 1, right panel). The polarized emission is patchy and
the observed fractional polarization ranges between 15 and
60 per cent (Fig. 3). Electric vector position angle (EVPA)
is not constant across the hotspot region, ranging between
15◦ and 60◦ in component S, and between 30◦ and 60◦ in
component N.
4.2 3C 227 East
This hotspot region has a complex structure. The main
hotspot component is labeled HS in Fig. 4, is about 0.8
arcsec (∼1.3 kpc) in size, and accounts for 30 per cent of
the emission measured on the entire hotspot complex. Com-
ponent HS is resolved in several polarized sub-components
(Fig. 4, central and right panels). The upper limit to their
size is about 70−100 mas, corresponding to about 110−160
pc, and the flux density is about 20−50 µJy. Although
the polarization and total intensity emission have a simi-
lar structure, there seems to be a displacement between the
peaks of the total intensity emission and the peaks of po-
larized emission which accounts for 40±10 mas (65±7 pc)
for the brightest and unresolved components, similarly to
MNRAS 000, 1–?? (2002)
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Table 1. Total intensity and polarization properties of the hotspots. Column 1: hotspot name; Column 2: hotspot component; Column
3: total intensity flux density at 22 GHz; Columns 4 and 5: polarized flux density and fractional polarization at 22 GHz, respectively.
Hotspot Comp. I P m
mJy mJy %
3C227 West E 27.42±0.84 11.56±0.39 42±1
N 3.51±0.11 1.47±0.06 42±1
S 3.80±0.12 1.85±0.06 48±1
W 6.44±0.25 3.55±0.18 55±3
3C 227 East HS 8.15±0.28 2.79±0.15 34±2
K 0.59±0.04 0.27±0.04 45±8
N 3.40±0.16 1.76±0.14 52±4
S 9.33±0.35 5.31±0.27 57±3
V 14.59±0.51 10.58±0.41 72±2
3C 445 North Tot 16.67±0.50 7.42±0.24 44±6
3C 445 South Tot 38.10±1.15 12.24±0.40 32±1
E 14.24±0.43 5.18±0.16 36±1
W 2.92±0.09 0.79±0.04 27±1
S 0.90±0.03 0.37±0.02 41±2
Figure 1. Left panel: Total intensity VLA image at 22 GHz of the hotspot complex 3C 227 West obtained with natural weighting. The
arrow indicates the direction of the jet. Central panel: Zoom of the Eastern region of the hotspot 3C 227 West in total intensity obtained
using Briggs weighting. Right panel: Zoom of the Eastern region of the hotspot 3C 227 West in total intensity (contours) overlaid with
polarized intensity image. The first contour is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the
image plane. Contours increase by a factor of
√
2. The colour scale is shown by the wedge at the top of each image.
3C 227 West. The average observed fractional polarization
for component HS is about 34 per cent, but it reaches val-
ues as high as 50 per cent in the central region (Fig. 5).
EVPA changes across component HS, ranging between 15◦
and −70◦ in the highly polarized structure. A bright com-
ponent is observed at about 1.5 arcsec (∼2.4 kpc) to the
North-West of component HS, and is labeled K in Fig. 4.
Component K may trace the location where the jet bends be-
fore reaching component HS. The X-ray emission is mainly
observed between component HS and K. However, the low
signal-to-noise ratio precludes us from determining the pre-
cise X-ray brightness distribution (Fig. 6).
In addition to these bright components, three filaments are
clearly visible in our radio images, in agreement with what
was found at 3.6 cm by Black et al. (1992). A cusp-like struc-
ture, labeled V in Fig. 4, is present to the West and seems to
mark the edge of the X-ray emission (Fig. 6). A deeper X-ray
observation is crucial for confirming this positional corre-
spondence. These extended structures are characterized by
very high level of polarization (Table 1). This may be an
indication that the total intensity structure is extended on
scales larger than the largest angular size recoverable by our
MNRAS 000, 1–?? (2002)
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Figure 2. 0.3−7 keV Chandra image of the eastern component
of 3C 227 West (colour-scale) overlaid with 22-GHz VLA image.
The first contour is 24 µJy and contours increase by a factor of√
2. The colour scale in counts/pix is shown by the wedge at the
bottom of the image.
observations (∼ 2.4 arcsec) as also suggested by images at
3.6 cm presented in Black et al. (1992), while the polarized
structures are more compact.
4.3 3C 445 North
This hotspot is about 4 arcsec in size and has an S-shaped
structure elongated in the NE-SW direction, roughly
transverse to the jet direction as derived from the low-
resolution images presented in Mack et al. (2009). The
radio emission is dominated by the central region which
is resolved in several sub-components (Fig. 7). When
observed with full-resolution, both the total intensity and
the polarized emission are patchy with several unresolved
sub-components enshrouded by diffuse emission. The
upper limit to the angular size of these sub-components is
about 70−120 mas, corresponding to a linear size of about
75−130 pc, and a flux density between 20 and 30 µJy.
The total intensity structure is elongated in NS direction,
while the polarized emission seems to form two roughly
parallel structures oriented in the NE-SW direction, with
the northern component being the brighter (Fig. 7) and
accounting for roughly 10 per cent of the polarization of the
entire hotspot. The average observed fractional polarization
of the hotspot complex is about 44 per cent, reaching
values as high as 60 per cent in the central region. The
EVPA changes across the hotspot region ranging from -32◦
to -85◦, being locally roughly transverse to the elongation
of the polarized structure and to the total intensity con-
tours of the northern edge of the S-shaped structure (Fig. 8).
4.4 3C 445 South
This hotspot complex has an angular size of about 6 arcsec
(about 6.4 kpc) and consists of two main components with
an arc-shaped structure, with the eastern one in agreement
with the edge of the X-ray emission (Fig. 9). The eastern
component, labeled E in Fig. 10, is the brightest one and
consists of about 50 per cent of the whole hotspot complex.
Its structure is elongated in the East-West direction,
roughly transverse to the direction of the jet, as it is
derived by low-resolution images (e.g. Leahy et al. 1997;
Mack et al. 2009). In this hotspot component there are
several unresolved polarized sub-components. The upper
limit to their angular size is between 70 and 120 mas,
corresponding to about 75 and 130 pc, and a flux density
of about 20−30 µJy. The average observed fractional po-
larization of component E is about 36 per cent, but reaches
values as high as 50 per cent. Component W is elongated
in the North West-South East direction and is about 2.5
arcsec from component E in the South-West direction. The
average observed polarization of component W is 27 per
cent, but reaches values as high as 55 per cent (Fig. 11).
The fractional polarization of both components derived in
our 22-GHz observations is slightly larger than that at 97.5
GHz from ALMA observations (Orienti et al. 2017). This
may be due to the better resolution of these VLA data
(6 0.1 arcsec) with respect to the resolution of our earlier
ALMA observations (∼ 0.5 arcsec which corresponds to
∼550 pc), and suggests the presence of tangled magnetic
field components with angular scales that are smaller than
the resolution proved by our earlier ALMA observations.
The X-ray emission is detected at the edge of the
main hotspot component, likewise in 3C227 East. The
polarization and the total intensity emission have a similar
structure (Fig. 11). However, the brightest component in
total intensity has a relatively low polarization and is lo-
cated about half way between the two brightest components
in polarized intensity (about 100±10 mas and 70±10 mas,
respectively). Polarized emission is also observed in the
ridge of the arc-shaped structure and in component S that
is located between component E and W in the southern
direction (Fig. 10). The EVPA changes across the whole
hotspot region, from about −10◦ to −55◦, while it becomes
roughly perpendicular to the total intensity contours in
the southern edge. Between the two main components
no significant polarization is detected, with a fractional
polarization below 3 per cent (Fig. 11), which is consistent
with the 4 per cent upper limit that was set by ALMA
observations (Orienti et al. 2017).
5 DISCUSSION
5.1 The hotspot structure and the magnetic field
Particle acceleration via strong shocks, turbulence and/or
magnetic reconnection should take place in the hotspot
regions of radio galaxies. The detection of extended syn-
chrotron optical emission confirms the presence of efficient
particle acceleration distributed on kpc scales. The high
resolution of our VLA observations of the hotspots in 3C 445
and 3C 227 pointed out a very complicated morphology
with arc-shape structures that could be resolved into several
polarized sub-components enshrouded by diffuse emission.
These structures may trace multiple shocks and compres-
sion or regions of magnetic reconnection. The upper limit to
their size ranges between 75 and 160 pc. Components with
size of a few tens parsecs were already observed in other
MNRAS 000, 1–?? (2002)
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Figure 3. Fractional polarization image (left) and fractional polarization error image (right) of the hotspot 3C 227 West. The first
contour is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the image plane. Contours increase by
a factor of 2. The colour scale is shown by the wedge at the top of each image. Vectors represent the electric vector position angle.
Figure 4. Left panel: Total intensity VLA image at 22 GHz of the hotspot complex 3C 227 East obtained with natural weighting. The
arrow indicates the direction of the jet. Central panel: Zoom of the main hotspot region of 3C 227 East in total intensity obtained using
Briggs weighting. Right panel: Zoom of the main hotspot region of 3C 227 East in total intensity (contours) overlaid with polarized
intensity image. The first contour is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the image
plane. Contours increase by a factor of
√
2. The colour scale is shown by the wedge at the top of each image.
hotspots like 3C205 (Lonsdale & Barthel 1984), 4C 41.07
(Gurvits et al. 1997), Pictor A (Tingay et al. 2008), and
PKS2153−69 (Young et al. 2005). VLA observations of
CygnusA at 43 GHz could resolve the hotspot structures
in small clumps of about 0.4-kpc in size (Carilli et al.
1999). Depending on their actual size, the existence of
highly magnetized small clumps in the hotspot regions of
CygnusA may provide an explanation to the low-energy
curvature that has been observed by the Low Frequency
Array (McKean et al. 2016).
In all of the four hotspots studied here, about 10
per cent of the total flux density of the hotspot region
MNRAS 000, 1–?? (2002)
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Figure 5. Fractional polarization image (left) and fractional polarization error image (right) of the hotspot 3C 227 East. The first contour
is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the image plane. Contours increase by a factor
of 2. The colour scale is shown by the wedge at the top of each image. Vectors represent the electric vector position angle.
Figure 6. 0.3−7 keV Chandra image of 3C 227 East (colour-scale)
overlaid on 22-GHz VLA image. The image is half the native
Chandra pixel size and has been smoothed with a Gaussian filter
with σ = 7. The logarithmic X-ray contours (in green) start at
three times the rms noise (0.007 cts). The first contour is 18 µJy
and contours increase by a factor of
√
2. The colour scale is shown
by the wedge at the bottom of the image.
is globally produced in compact unresolved components,
whereas the majority of the emission is on larger scales. The
polarized emission is characterized by several unresolved
components, which may not correspond to the unresolved
components observed in total intensity. In particular, in
3C 445 North the polarized structure is different from
the total intensity morphology. In this hotspot the highly
polarized components constitute about 10 per cent of the
hotspot polarized emission. The polarized emission reaches
a fractional polarization as high as 70 per cent, and is
elongated in the NE-SW direction. On the other hand, the
total intensity emission is elongated in the NS direction
with the southern part being brighter in total intensity, but
showing lower levels of polarization (about 20 per cent).
The complex structure of polarized and total intensity
emission observed in these hotspots suggests that the mag-
netic field is not homogeneously distributed in the hotspot
region. The fractional polarization between 30 and 45 per
cent that is observed on average indicates the presence of
a significant random field component. This is supported
by the fact that EVPA of the different clumps varies.
The polarization decreases at the boundaries between the
clumps, and this may be due to vector cancellation when
cells with different EVPA fall within the interferometer
beam. Another piece of evidence is provided by the lower
level of fractional polarization that is observed in the
images produced with natural weights (whose restoring
beam is ∼2.5 times larger than the beam obtained with full
resolution), where the maximum fractional polarization is
about 40 per cent and the polarized emission is smoothly
distributed across the hotspot region. High-resolution very
long baseline interferometry (VLBI) observations are crucial
for constraining the size of the compact sub-components
and infer the orientation of the magnetic field on parsec
scales.
The observed polarization pobs depends on the intrinsic
polarization pint and on the number of turbulent cells N
intercepted by the observing beam Ab by pobs ∼ pintN−1/2,
where N = Abφl
−3 in which l is the size of the turbulent
cells and φ is the size of the turbulent region (Beck et al.
1999). If we consider the beam of our VLA observations
and the average angular to linear scale conversion, we have
MNRAS 000, 1–?? (2002)
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Figure 7. Left panel: Total intensity VLA image at 22 GHz of the hotspot complex 3C 445 North obtained with natural weighting. The
arrow indicates the direction of the jet. Central panel: Zoom of the central region of the hotspot 3C 445 North in total intensity obtained
using Briggs weighting. Right panel: Zoom of the central region of the hotspot 3C 445 North in total intensity (contours) overlaid with
polarized intensity image. The first contour is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the
image plane. Contours increase by a factor of
√
2. The colour scale is shown by the wedge at the top of each image.
Figure 8. Fractional polarization image (left) and fractional polarization error image (right) of the hotspot 3C 445 North. The first
contour is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the image plane. Contours increase by
a factor of 2. The colour scale is shown by the wedge at the top of each image. Vectors represent the electric vector position angle.
that:
pint ∼ 0.1pobsφ1/2l−3/2 (1)
In Fig. 12 we plot the intrinsic fractional polarization
as a function of the size of the turbulent cells, for various
values of the observed fractional polarization and assuming
a total extent of the turbulent region of 1 kpc. This is an
average value for the main hotspot regions of the sources
studied here. For l of about 0.1 - 0.16 kpc, as obtained from
our VLA images and from the upper limit from ALMA
observations (Orienti et al. 2017), we find that the expected
intrinsic fractional polarization is between 60 and 90 per
cent if we consider an observed fractional polarization of
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Figure 9. 0.3−7 keV Chandra image of 3C 445 South (colour-
scale) overlaid with 22-GHz VLA image. The first contour is 18
µJy and contours increase by a factor of
√
2. The colour scale is
shown by the wedge at the bottom of the image.
about 30 - 45 per cent, i.e. in agreement with the average
integrated value of our observations. The high value of the
expected intrinsic percentage, above 70-80 per cent, sug-
gests that the average scale size of the acceleration regions
and/or magnetic field length should not be much smaller
than the scale proved by our observations (∼0.1−0.16
kpc). We remark that this is an average scale size, and the
presence of transient compact pc-scale components with
shorter radiative lifetime cannot be excluded.
In each hotspot the EVPA is not constant and changes
arbitrarily in the central region. However, the EVPA is
usually perpendicular to the total intensity contours in the
outer edge of the hotspot structure, suggesting the presence
of compression that makes the turbulent field tangential to
the boundaries of the source (e.g. Laing 1980).
In presence of an irregular field that is subject to compres-
sion, we evaluate how the observed fractional polarization,
pobs changes as a function of the line of sight. The intrinsic
fractional polarization pint is not critically dependent on
the spectral index α, with a variation of ∼10 per cent
assuming values for α between 0.5 and 1 (Burn 1966; Laing
1980). For simplicity, and for consistency with previous
studies (e.g. Laing 1980; Lonsdale & Barthel 1998), we
assume α = 1. This value is steeper than what is usually
observed in hotspots. However, there seems to be a tension
between the observed spectral index in hotspots and the
injection spectral index which has been found to be steeper
(Harwood et al. 2017). The observed fractional polarization,
pobs is:
pobs = pint
B2osin
2θ
B2osin
2θ +B2r
(2)
where Bo sin θ is the component of the ordered magnetic
field on the plane of the sky, θ is the angle to our line of
sight, and Br is the random component of the magnetic field
with scale length comparable to the interferometer beam.
In Fig. 13 we plot the observed fractional polarization as
a function of θ for various values of the ratio Bo/Br and
assuming an intrinsic polarization pint = 70 per cent, i.e.
about the central value in the estimated range from Eq. 1.
The large percentage of polarization reaching 55−70 per
cent that is observed in the unresolved compact components
in each hotspot, indicates that in these regions the magnetic
field is organized on scales of up to a hundred pc. If the field
random component is equal to or higher than the ordered
component, low fractional polarization can be achieved for
large angles in agreement with what we obtain from the
polarization images and from the roughly symmetric radio
structure of these two radio galaxies2.
5.2 Multiple epochs of particle acceleration
The two arc-shaped structures observed in 3C 227 West and
3C445 South may represent two shock fronts produced by
the change of the jet direction on large scales, creating a
dentist drill effect. On the other hand, the multiple compact
components may trace the dithering of the jet termination
point(s) interacting with an inhomogeneous back-flow mate-
rial on scale size up to 100 pc. The polarized clumps observed
in the hotspots of 3C 227 and 3C445 suggest the presence
of multiple shocks that compress and align the magnetic
field. A similar result was found for the southern hotspot in
3C205 (Lonsdale & Barthel 1998). These clumps may trace
the variation of the termination point of a dithering jet,
as it was suggested by Tingay et al. (2008) for the hotspot
of Pictor A, or they may represent the highest brightness
temperature regions of a wide termination shock front with
complex geometry. Determining the hotspot structure may
improve our knowledge of the high-energy emission in these
regions.
Compact and transient regions may be able to pro-
duce synchrotron emission up to X-rays. The spatial dis-
placement between the X-ray emission and the radio-to-
optical emission challenges the synchrotron self-Compton
(SSC) and the inverse Compton (IC) scattering off Cos-
mic Microwave Background (CMB) photons as the mech-
anisms responsible for the X-ray emission (Perlman et al.
2010; Hardcastle et al. 2007; Migliori et al. 2020). IC emis-
sion is responsible for the X-ray emission in several hotspots
and jet knots where the X-ray emission and the radio-to-
optical emission are cospatial (see e.g. Kataoka & Stawarz
2005; Stawarz et al. 2007; Werner et al. 2012; Zhang et al.
2018). On the other hand, the misaligned X-ray emission
may be produced by compact regions of the shock front that
are currently accelerating particles, while the other shock
fronts, that are traced by radio-to-optical emission, mark
the location of previous epochs of acceleration. In fact, in the
presence of magnetic field strength typical of these hotspots
(40−150 µG, Brunetti et al. 2003; Migliori et al. 2020), the
lifetime of particles emitting in X-rays is about a few hun-
dred years. This is marginally consistent with the average
diffusive time of the particles in regions with 100 pc in size.
2 For an organized field, a low level of polarization (p < 40 per
cent) can be achieved only for small angles to the line of sight,
θ < 10◦−15◦, which is unlikely for these objects.
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Figure 10. Left panel: Total intensity VLA image at 22 GHz of the hotspot complex 3C 445 South obtained with natural weighting. The
arrow indicates the direction of the jet. Central panel: Zoom of the central region of the hotspot 3C 445 South in total intensity obtained
using Briggs weighting. Right panel: Zoom of the central region of the hotspot 3C 445 South in total intensity (contours) overlaid with
polarized intensity image. The first contour is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the
image plane. Contours increase by a factor of 2. The colour scale is shown by the wedge at the top of each image.
Figure 11. Fractional polarization image (left) and fractional polarization error image (right) of the hotspot 3C 445 South. The first
contour is 18 µJy beam−1 and corresponds to three times the off-source noise level measured on the image plane. Contours increase by
a factor of 2. The colour scale is shown by the wedge at the top of each image. Vectors represent the electric vector position angle.
The expected size of these compact and transient features
emitting in the X-rays should be of the order of several
tens of parsecs, i.e. comparable or a bit smaller than the
size proved by these VLA observations. Migliori et al. (2020)
show that the X-rays could result from the integrated syn-
chrotron emission of several compact regions, and the radio
emission of each single component is below the detection
limit at 22 GHz.
The radiative lifetime of particles emitting in the opti-
cal band is of the order of 104 yr, comparable to the average
diffusive time. Optical emission from relatively old shocks is
supported by the VLT detection of the double arc-shaped
MNRAS 000, 1–?? (2002)
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Figure 12. Intrinsic fractional polarization as a function of the
linear size of the turbulent cells for different values of the observed
fractional polarization.
Figure 13. Observed fractional polarization as a function of the
angle to the line of sight for different values of the ratio Bo/Br
and pint = 70 per cent.
structure in 3C445 South and possibly in 3C 227 West. Op-
tical emission on kpc scale may be also produced by tur-
bulence, in agreement with low polarization level observed
in some regions. The highly polarized sub-components in
which the kpc-scale arc-shape structures are resolved indi-
cates also the presence of strong shock acceleration occur-
ring in different regions and at different time. The lack of
X-ray emission cospatial with the radio-to-optical emission
strongly supports this scenario. Multi-epoch deep X-ray ob-
servations are crucial for investigating flux variability and its
timescale, from months to years, which in turn would pro-
vide us with an estimate of the size of the regions responsible
for the X-ray emission.
6 SUMMARY
In this paper we presented results on sub-arcsecond polari-
metric VLA observations at 22 GHz of the hotspots of the
radio galaxies 3C 227 and 3C 445. The conclusions we can
draw from this investigations are:
• The hotspots 3C 227 West and 3C 445 South are
characterized by a double arc-shaped structure, likely
indicating two shock fronts;
• In all the hotspots, the main components are resolved
into several highly-polarized compact clumps, with observed
fractional polarization that may reach values as high as
70 per cent. The upper limit to their size is about 70−100
mas, corresponding to about 75−160 pc. Their flux density
constitutes about 10 per cent of the whole hotspot region, in-
dicating that the majority of the emission is on larger scales;
• In all the hotspots, the highly polarised compact
regions are embedded in the larger diffuse hotspot region,
which is characterised by a much lower polarization, about
30 to 45 per cent on average, indicating significant random
magnetic field component;
• Although the total intensity emission and the polar-
ized emission are both patchy, their morphology may be
different (e.g. 3C 445 North). In general, there seems to be
a displacement between the peaks of total intensity and the
peaks of polarized emission, similar to what was already
observed in ALMA observations of 3C 445 South;
• In 3C 227 West and in 3C 445 South the X-ray emission
and the radio emission are not cospatial and the main radio
component is in agreement with the edge of the X-ray
emission. The misalignment is difficult to reconcile with
the SSC and IC-CMB model, but it may be explained
by a population of highly energetic synchrotron emitting
particles. Owing to their short radiative lifetime, X-ray
emitting electrons should mark the region where particle
acceleration is currently taking place, while radio-to-optical
emission is detectable in older front shocks.
These observations support a scenario in which shocks
from a dithering jet and turbulence are responsible for par-
ticle acceleration up to high energies. The highly-polarized
compact regions, less than 100 pc size, resolved in these
observations may represent the local multiple particle reac-
celerators. No statistical studies on the (sub-)parsec scale
of hotspots have been performed so far, and polarimetric
high-resolution observations of a large number of hotspots
is required to assess the complex structure of these regions
and their acceleration mechanisms.
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